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Abstract: Tattooing is a ubiquitous body modification involv- 
ing the injection of ink and/or dye pigments into the dermis. 
Biosensors in the form of tattoos can be used to monitor 
metabolites in interstitial fluid. Here, minimally invasive, 
injectable dermal biosensors were developed for measuring 
DH, glucose, and albumin concentrations. The dermal pH 
sensor was based on methyl red, bromothymol blue, and 
Phenolphthalein, which responded to a pH range from 5.0 to 
9.0. The dermal glucose sensor consisted of glucose oxidase, 
3,3',5,5'-tetramethylbenzidine, and peroxidase that detected 
concentrations up to 50.0mmolL~™. The dermal albumin 
sensor consisted of 3',3",5',5"-tetrachlorophenol-3,4,5,6-tetra- 
bromosulfophthalein concentrations up to 
5.0 gL". The sensors were multiplexed in ex vivo skin tissue 
and quantitative readouts were obtained using a smartphone 
camera. These sensors can be used to manage of acid—base 
homeostasis, diabetes, and liver failure in point-of-care settings. 
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Introduction 


Diagnostic devices that can continuously monitor metab- 
olites in human physiology will transform personalized 
medicine.!'] The development of real-time companion diag- 
nostic devices can aid the disease management of high-risk 
patients in point-of-care settings.”! In particular, patients with 
chronic diseases and the elderly population would benefit 
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from continuous monitoring devices for home-based testing 
through telemedicine.” 

The human skin is a specialized organ that acts as 
a physical barrier between the body and the external 
environment."! The most represented cells in the dermis are 
fibroblasts, macrophages, and adipocytes.! The dermis hosts 
lymphatic vessels, blood vessels, and nerves. Blood vessels 
supply nutrients and provide waste removal of dermal and 
epidermal cells." Hair follicles, sweat glands, and sebaceous 
glands are also located in the dermis. Skin cells are immersed 
in a matrix named the extracellular fluid (ECF), in which the 
major components are blood plasma and interstitial fluid 
(ISF).'1 Homeostatic mechanisms based on negative feed- 
back tightly regulate the concentrations of metabolites within 
the ISF in healthy conditions. Water, ions, and analytes are 
constantly exchanged between blood plasma and ISF via 
clefts in blood capillary walls. The main contents of the ISF 
are saccharides, electrolytes, lipids, and proteins.! Particu- 
larly, albumin is confined to the capillary ends due to its 
abundance in plasma.) The differential pressure at the 
arteriolar end of the capillaries compared to the surrounding 
tissues induces a transfer of substances between the capillary 
ends and the ISF, equalizing the concentration at the two sides 
of the walls to neutralize the osmotic effect. The capillary 
fluid, in turn, is constantly renewed by blood flow, generally 
mirroring its composition." For example, glucose in the ISF 
has been successfully used as a surrogate analyte to estimate 
blood-glucose concentration in minimally invasive continuous 
glucose-monitoring systems to manage diabetes." 

The constituents of sweat have been measured using non- 
invasive electrochemical skin-worn patches.”! Wearable elec- 
trochemical sensors have been developed for detecting pH," 
glucose," and lactate!" in sweat. However, these patch-type 
sweat sensors have significant drawbacks: the mismatch 
between sweat and blood compositions, time lag in indirect 
measurements, electrochemical signal drift, the need for 
frequent calibration, and contact dermatitis, limiting their 
practical applications in long-term continuous analyte mon- 
itoring. Recently, hydrogel fibers have been functionalized 
with synthetic boronic-acid derivatives and fluorophores for 
subcutaneous glucose sensing."*! Another fluorescent fiber 
was demonstrated in the subcutaneous sensing of dynamic 
relative oxygen.'"*! However, these fluorescent fibers are 
affected by photobleaching, light scattering, bioincompatibil- 
ity, capsule formation, skin pigmentation, and interpatient 
epidermal thickness variation. Furthermore, the readouts of 
such fluorescent sensors require a dedicated excitation 
source. The longevity, efficacy, and safety of such hydrogel 
fiber sensors have not been independently verified in 
randomized clinical trials. 
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Body modification by injecting pigments into the dermis 
layer is a custom more than 4000 years old."4! By puncturing 
the outer dermis, pigments are inserted within the skin to 
permanently modify the body appearance.'! The dermis, 
into which tattoo pigments are injected, is a fiber-rich 
connective tissue that scaffolds the skin and yields elasticity 
and strength."*! The mean skin (epidermis and dermis) 
thickness is 1.5 to 2.5 mm.'"*! Tattoo inks penetrate into the 
dermis at a depth of 0.4-2.2 mm.” The tattoo ink in short 
penetration depth rapidly fades away, while in high penetra- 
tion depth damages the subcutaneous tissue. The desirable 
penetration depth of the tattoo ink is 2.0 mm. The ink may be 
injected at various angles (45° to 80°) depending on the 
desired aesthetical effect using a needle (@ =350 um) normal 
to the skin surface. The replacement of traditional tattoo inks 
with colorimetric biosensors can create a quantitative sensing 
platform."*! 

Here, a functional cosmetic technology was developed by 
combining tattoo artistry and colorimetric biosensors (Fig- 
ure 1). The inks were injected into the dermis of ex vivo 
porcine skin tissues, which were used as a dermatological 
model in the present work owing to similarities to human skin 
in anatomy, morphology, physiology, and cellular composi- 
tion." Dermal tattoo sensors functioned as diagnostic 
displays by exhibiting color changes within the visible 
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Figure 1. Injection of colorimetric biosensors within the dermis. 

a) Schematic of human skin cross-section. The tattoo needle 

(@ =350 wm) reaches the dermis, where it accesses the ISF. b) In- 
jection of biosensors in ex vivo porcine skin tissue. The biosensor is 
loaded into a commercial tattoo gun to create visible assay areas in 
the derma that colorimetrically display the concentration of analytes. 
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spectrum in response to variations in pH, glucose, and 
albumin concentrations. The images of the dermal sensors 
were captured by a smartphone camera, where the concen- 
tration values of the analytes were measured quantitatively. 


Results and Discussion 


To assess the feasibility of injecting biosensors in skin 
tissues with controlled ink density, depth, and injection angles, 
a phantom tissue structure was tattooed using black ink. 
Figure 2a illustrates the top-view micrographs of tattooed 
phantom tissue with 14.0, 8.3, 1.5, and 1.3 injections mm~*. 
Figure 2b shows the density of the tattooed area in phantom 
tissue samples for the indicated regions of interest. The 
overall tattooed surface area decreased as the number of 
injections was reduced. 14.0, 8.3, 1.5, and 1.3 injections mm ~ 
yielded up to 91%, 80%, 52%, and 32% of tattooed area 
over the total surface area, respectively. Figure 2c illustrates 
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Figure 2. Characterization of tattoo inks injected in phantom skin 
tissues. a) Micrographs of phantom substrates (top view) tattooed 
with 14.0, 8.3, 1.5, and 1.3 injections mm~*. Scale bars = 200 um. 

b) Tattooed area over the total surface area with 14.0, 8.3, 1.5, and 1.3 
injections mm? measured over the surface of the phantom tissue. 

c) Micrographs of phantom substrates (cross-section view) tattooed 
with 14.0, 8.3, 1.5, and 1.3 injections mm”. Scale bars = 200 um. 

d) Tattooed area over the total cross-section area with 14.0, 8.3, 1.5, 
and 1.3 injections mm * measured over cross sections of the phantom 
tissue. e) Micrographs of phantom substrates tattooed at angles of 
90°, 80°, 70°, 60°, 50°, and 45° between the needle of the tattoo gun 
and the skin surface. Scale bars =150 sum. f) Measured tattooing 
angles compared with the expected tattooing angles. 
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cross-section micrographs of the tattoos obtained with differ- 
ent injection densities. The overall tattooed cross-sectional 
area decreased as the number of injections was reduced 
within the highlighted regions of interest. Up to 86%, 58%, 
36%, and 28% tattooed cross-sectional areas over the total 
surface area were measured in the cases of 14.0, 8.3, 1.5, and 
1.3 injections mm~, respectively (Figure 2d). The tattooing 
angle was evaluated based on the conventional tattooing 
practice, where a variation in angle between the needle and 
the phantom tissue surface produced a different aesthetic 
result (Figure 2). Ink was injected in phantom samples at 90° 
(lining tattooing), 80°, 70°, 60°, 50°, and 45° (shading 
tattooing). Figure 2f shows the expected angle over the 
measured angle. Average percentage errors for 90°, 80°, 70°, 
60°, 50°, and 45° tattooing angles were 0.7%, 1.2%, 0.2%, 
2.2%, 7.6%, and 6.8%, respectively. Hence, the density, 
position, depth, and angle of the inks can be accurately 
controlled for biosensor injections. 

Dermal biosensors consisted of chromogenic dyes for the 
colorimetric detection of pH, glucose, and albumin. The 
sensors exhibited a variation in the emitted light within the 
visible spectrum upon concentration changes of analytes. The 
physiological pH range in ISF is from 7.35 to 7.45. 
Metabolic disorders may induce acidosis and alkalosis, 
resulting from an increase or a decreasing H* ions in blood, 
respectively.”!] The dermal pH sensor was based on methyl 
red, bromothymol blue, and phenolphthalein (Figure 3a). All 
organic sensors react with free H* ions in a selective manner 
causing pronounced changes in their visible-light absorption 
spectrum. Methyl red contains a diazo group, whose proto- 
nation (pK,*5) generates a hydrazine/quinone structure 
corresponding to a color change from red (lower pH) to 
yellow (higher pH) in the pH range from 43 to 6.2 
(hypsochromic shift). Bromothymol blue is a triphenylmethyl 
sensor, whose deprotonation (pK, ~7.1) opens a sultone ring 
allowing the compound to establish a more extended 
delocalized electron system that corresponds to a color 
change from yellow (lower pH) to blue (higher pH), with 
green at neutral pH (bathochromic shift). Phenolphthalein 
can be protonated leading to the opening of a lactone ring and 
the establishment of a more extended z-electron system (pK, 
9.7). This corresponds to a color change from colorless 
(lower pH) to fuchsia (higher pH) in the pH range from 8.2 to 
12.0. 


Figure 3. Dermal pH sensors. a) Chemical structures of the pH-sensing compounds: methyl red, bromothymol blue, and phenolphthalein. 

i) Methyl red exhibits a color change from red (pH 4.3) to yellow (pH 6.2). ii) Bromothymol blue shows a variation from yellow (pH 6.0) to blue 
(pH 7.6). iii) Phenolphthalein changes color from pink (pH 8.2) to fuchsia (pH 12.0). The net result is a color change from orange-red to blue, via 
yellow and green. b) Absorbance spectra of the sensors in the pH range 5.0 to 9.0 with steps of 1.0 in aqueous solutions. c) RGB triplet of the 
sensors at pH values from 5.0 to 9.0 at steps of 1.0 in aqueous solutions. Inset shows colors of the different solutions. Scale bar=1.0 mm. 

d) Absorbance spectra and images (inset) of the pH sensor in buffered aqueous solutions as a function of response time. Scale bar=1.0 mm. 

e) Stability of pH sensor under UV exposure (2 W) for 30 min. Absorbance spectra and images (inset) of the pH sensor in aqueous solutions 
(top) and in ex vivo porcine skin (bottom). Scale bar=1.0 mm. f) Diffusion test of pH sensor in ex vivo porcine skin tissue (pH 8.0). Insets show 
images of pH sensor tattooed in the porcine skin. Scale bar=1.0 mm. g) RGB triplets of tattooed pH sensor at pH values from 5.0 to 9.0 at steps 
of 1.0. Insets show colors of the dermal sensors in ex vivo porcine skin tissues at different pH values. Scale bar=1.0 mm. h) CIE 1931 
chromaticity diagram obtained from the readout algorithm in ex vivo measurements. White circles highlight calibration points, black circles 
represent their respective mean value. i) Comparison of algorithm readouts in aqueous solution (black) and in ex vivo tissues (red) with an ion- 
selective pH electrode. The error bars (n=3) represent the standard deviation of the mean, representing the distance from the measurement 


points 2D (x, y;) in CIE 1931 chromaticity space. 
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The pH sensor combination was tested in aqueous 
solutions, yielding a color change from yellow to blue in the 
pH range from 5.0 to 9.0 with increments of 1.0 pH value. 
Figure 3b shows the absorbance spectra of pH sensors in 
aqueous solutions at different pH values. The absorbance 
intensity peak at 620nm decreased by 85% as the pH 
decreased from 9.0 to 5.0. The pH sensors were imaged with 
a smartphone camera and red, green, and blue (RGB) values 
were analyzed with a MATLAB algorithm (Figure 3c, 
Supporting Information, Readout Method). In response to 
buffered pH 8.0 solution, the absorbance value of the pH 
sensor in aqueous solution increased two-fold to saturate 
within 5 s (Figure 3d). No obvious variation in the absorbance 
of the pH sensor (pH 8.0) was measured in aqueous solution 
and in the ex vivo skin tissue after exposure to UV light (2 W) 
for 30 min, showing stability for long-term use (Figure 3e). 
The diffusion of the pH sensor (pH 8.0) in the ex vivo porcine 
skin tissue was evaluated (Figure 3f and Supporting Infor- 
mation, Figure S1a). By measuring tattooed sensor diameters 
and RGB triplets of the sensor, no obvious sensor-area 
changes were observed over 5 h, indicating the stability of the 
sensors in the skin tissue. Buffered pH solutions (pH 5.0-9.0, 
200 uL) were introduced to the pH-sensor-functionalized 
ex vivo skin tissues to measure the colorimetric changes. 
Figure 3g shows the RGB values of pH-sensitive biosensors 
in ex vivo porcine skin tissue at pH values from 5.0 to 9.0. The 
inset in Figure 3g shows the photographs of the pH-depen- 
dent color variation of the sensors. Video S1 in the Supporting 
Information shows the pH-sensor color changes (pH 8.0 to 
5.0) and reversibility. Figure 3h shows the CIE 1931 chroma- 
ticity diagram of the calibration points of the colors obtained 
in ex vivo porcine tissues (white) and their mean values 
(black). Figure 3i shows the correlation of the biosensors in 
aqueous solutions and ex vivo skin samples compared to the 
actual pH values measured by an ion-selective electrode (gold 
standard). Despite the subtle variations in the RGB triplets in 
ex vivo tissues compared to aqueous solutions, the measure- 
ments yielded a standard error of 0.3 pH value in aqueous 
solutions and 0.2 pH value in the ex vivo tissues. 

Diabetes mellitus is a major metabolic dysfunction 
associated with abrupt variations of glucose concentration 
in the body. The mean glucose concentration in the blood of 
a fasting person ranges from 4.2 to 6.4 mmolL" in healthy 
conditions.“ Glucose concentrations higher than 
7.0 mmolL~' may be an indication of diabetes." Glucose 
sensors should monitor a broad physiological range of 2.0- 
20.0 mmolL~'. The glucose sensor in the present work is 
based on glucose oxidase (GOD), peroxidase (POD), and 
3,3’,5,5’-tetramethylbenzidine (Figure 4a). Glucose sensing 
was based on a two-step enzymatic method, using the glucose 
GOD/POD method. b-glucose is enzymatically oxidized to D- 
gluconolactone by ambient oxygen. Hydrogen peroxide forms 
and oxidizes 3,3’,5,5’-tetramethylbenzidine (TMB) under 
peroxidase catalysis. Figure 4b shows the absorbance spectra 
of glucose biosensors in aqueous solutions at different glucose 
concentrations (2.0 to 50.0 mmolL~'). An absorbance peak 
intensity at 680 nm increased when the glucose concentration 
in aqueous solutions increased to 50.0 mmolL~'. Figure 4c 
shows RGB readouts of glucose sensors with a smartphone 


Angew. Chem. Int. Ed. 2019, 58, 2-10 


Research Articles 


© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 


camera in aqueous solutions. The glucose sensor in aqueous 
solution exhibited a color change from yellow to dark green 
when the glucose concentration was increased from 2.0 to 
50.0 mmolL~! (Figure 4c inset). The response time of the 
glucose sensor was 30s for a concentration of 5mmolL™ 
(Figure 4d). No obvious variations were measured in the 
absorbance peak of the glucose sensor in aqueous solutions 
and ex vivo skin samples in response to a glucose concen- 
tration of 5mmolL™! after 30min UV (2 W) exposure, 
showing stability for long-term use (Figure 4e). The diffusion 
test showed the high stability of the tattooed glucose sensor 
after 5h in the ex vivo skin tissue in 5mmolL~! glucose 
solution (Figure 4 f and Supporting Information, Figure S1b). 
Figure 4g shows the RGB values of glucose-sensitive biosen- 
sors injected in an ex vivo porcine skin tissue. The inset in 
Figure 4g shows the glucose-concentration-dependent color 
variation of the sensors. Video S2 in the Supporting Informa- 
tion shows the glucose-sensor color changes. Figure 4h shows 
the CIE 1931 chromaticity diagram of the calibration points 
of the glucose-sensor colors obtained in ex vivo tissues 
(white) and their mean values (black). Figure 41 illustrates 
the glucose concentrations measured with a smartphone 
camera in aqueous solutions and in exvivo skin tissue 
samples. The measurements yielded a standard error of 
0.3 mmol L"' in aqueous solutions and 0.2 mmol L"! in ex vivo 
tissue samples. 

Human serum albumin is a multifunctional, non-glycosy- 
lated protein made up of a single peptide chain containing 580 
to 585 amino acids, and it is primarily synthesized in the 
liver.4] Due to the large number of charged amino acids, 
albumin is highly negatively charged at physiological pH.™! 
Albumin maintains the oncotic pressure (75-85 % ).”*! It acts 
as a functional carrier of endogenous and exogenous sub- 
stances, transports hormones, and buffers extravascular 
fluids.” Hypoalbuminemia leads to a decreased carrier 
capacity, increasing in toxic radicals within the body.” The 
physiological value of albumin in interstitial fluid is 
29 gL!.5l In the present work, the albumin sensor is based 
on protein error of pH. In this assay, functional groups of 
albumin form associations with 3’,3”,5’,5’”-tetrachlorophenol- 
3,4,5,6-tetrabromosulfophthalein that induce changes in the 
delocalized-1-electron system and protonation or deprotona- 
tion results in a color shift from yellow to green (Figure 5a). 
Figure 5b shows the absorbance spectra of albumin sensors in 
aqueous solutions at different concentrations (0.0-5.0 gL”). 
The absorbance peak intensity at 620 nm increased as the 
albumin concentration increased from 0.0 to 5.0 gL"'. Fig- 
ure 5c shows the RGB triplets of the sensor in the presence of 
albumin imaged with a smartphone camera in aqueous 
solutions. The albumin sensor changed color from gray to 
blue in the concentration range from 0.0 to 5.0 gL” (Fig- 
ure 5c inset). The response time of the colorimetric biosensor 
to albumin (4.0 mmol L~) was 30s (Figure 5d). No obvious 
variations were observed in the absorbance peak of the 
biosensor in response to albumin (0.3 gL~') in aqueous 
solutions and in the ex vivo tissue samples after 30 min UV 
exposure (2 W), showing stability for long-term use (Fig- 
ure 5e). The diffusion test showed high stability of the 
tattooed albumin sensor in the ex vivo porcine skin tissue in 
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albumin solutions (0.3 mmolL“') (Figure 5 f and Supporting 
Information, Figure S1c). Figure 5g illustrates the albumin- 
concentration-dependent RGB triplet variation of the sensors 
in ex vivo tissue samples and their respective photographs. 
Video S1 in the Supporting Information shows the color 
changes of the albumin sensor. Figure 5h shows the CIE 1931 
chromaticity diagram of the calibration points of the albumin 
sensor colors measured in ex vivo tissues (white) and their 
mean values (black). Figure 5i shows the correlation of the 
albumin biosensors in aqueous solutions and ex vivo skin 
samples compared with the actual albumin values. The 
measurements yielded a standard error of 0.2 gL~' in aqueous 
solutions and 0.1 gL" in ex vivo tissue samples. 

Dermal sensors were multiplexed in ex vivo porcine skin 
tissues to provide quantitative imaging of pH, glucose, and 
albumin assays using a smartphone camera. Figure 6a shows 
the smartphone readout process performed at 200 lux at 
ambient light conditions. The smartphone camera was placed 
at 5mm distance normal to the multiplexed dermal sensors. 
Figure 6b illustrates multiplexed pH, glucose, and albumin 
dermal sensors in the form of aesthetic tattoos. Figure 6b 
part ishows the colorimetric readout of a dermal pH sensor as 
a surrogate indicator for blood pH in alkalosis, where the ISF 
pH is abnormally elevated. Figure 6b part ii illustrates the 
colorimetric readout of a dermal pH sensor in metabolic 
acidosis, where the ISF pH is abnormally low. Figure 6b 
part iii displays the colorimetric readout of a dermal glucose 
sensor in hyperglycemia, in which the ISF glucose concen- 
tration is abnormally high. Figure 6b partiv displays the 
colorimetric readout of a dermal glucose sensor in hypogly- 
cemia, in which the ISF glucose concentration is abnormally 
low. Figure 6b partv shows the colorimetric readout of 
a dermal albumin sensor in hypoalbuminemia, in which the 
ISF albumin concentration is abnormally low. This may be an 
indication of liver failure or kidney damage. Figure 6b part vi 
illustrates the colorimetric readout of dermal pH and glucose 
sensors, where a patient co-developed hypoglycemia as 
a result of respiratory alkalosis. The dermal sensors can be 
effectively multiplexed to determine metabolic disorders. 


Figure 4. Dermal glucose sensors. a) Chemical structures of the glucose-sensing compounds: glucose oxidase (GOD), peroxidase (POD), and 
3,3',5,5’-tetramethylbenzidine (TMB) i) D-glucose is oxidized to p-gluconolactone and hydrogen peroxide is produced. ii) Under peroxidase 
catalysis, hydrogen peroxide oxidizes TMB to form a blue-green dye. b) Absorbance spectra of the sensors in aqueous solutions in the range of 
0-50 mmolL"' glucose. c) RGB triplets of sensors in aqueous solutions at glucose concentrations of 0, 2, 5, 15, 30, and 50 mmolL". The inset 
shows the photographs of the sensor colors at different glucose concentrations (0-50 mmolL~'). Scale bar=1.0 mm. d) Absorbance spectra and 
images (inset) of the glucose sensor in aqueous solution containing glucose (5 mmolL~') as a function of response time. Scale bar=1.0 mm. 

e) Absorbance spectra of glucose sensor exposed to UV light (2 W) for 30 min. Inset images show sensors in aqueous solutions (top) and in 

ex vivo porcine skin samples (bottom). Scale bar=1.0 mm. f) Diffusion test of glucose sensor in an ex vivo porcine skin sample. Insets show 
images of glucose sensor in the porcine skin in the presence of glucose (5 mmolL~'). Scale bar=1.0 mm. g) RGB triplets of dermal biosensors at 
different glucose concentrations (0-50 mmolL"'). Insets show colors of the dermal glucose sensors in ex vivo tissues at different glucose 
concentrations (0-50 mmolL~'). Scale bar=1.0 mm. h) CIE 1931 chromaticity diagram obtained from the smartphone camera in ex vivo 
measurements, showing calibration points (white) and their respective mean values (black). i) Smartphone readouts of glucose sensors in 
aqueous solutions (black) and in ex vivo tissues (red) in response to glucose concentrations (0-50 mmolL~'). The error bars (1=3) represent the 
standard deviation of the mean representing the mean distance from the measurement points 2D (x, y;) in CIE 1931 chromaticity space. 
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Figure 5. Dermal albumin sensors. a) Chemical structure of albumin sensor containing 3’,3”,5’,5’-tetrachlor- 
ophenol-3,4,5,6-tetrabromosulfophthalein. b) Absorbance spectra of the sensors in the albumin range 

0.0 gL' to 5.0 gL in aqueous solutions. c) RGB triplets of the sensors at albumin concentrations from 0.0 
to 5.0 gL"! in aqueous solutions. Inset shows sensor colors in different albumin concentrations. Scale 
bar=1.0 mm. d) Absorbance spectra and images (inset) of the biosensor to albumin (4.0 mmol L~') as 

a function of response time in aqueous solutions. Scale bar=1.0 mm. e) Stability test of the albumin sensor 
exposed to UV light (2 W) for 30 min. i) Absorbance spectra; ii) images of aqueous solution (top) and ex vivo 
porcine skin (bottom). Scale bar=1.0 mm. f) Diffusion test of albumin sensor in the ex vivo porcine skin for 
5 h. Inset shows images of albumin sensor tattooed in the ex vivo porcine skin. Scale bar=1.0 mm. g) RGB 
triplets of the sensors in albumin (0.3 to 5.0 gL”') in aqueous solutions. Inset shows colors of the dermal 
sensors in ex vivo tissues at different albumin concentration values. Scale bar=1.0 mm. h) CIE 1931 
chromaticity diagram obtained using a smartphone camera in ex vivo measurements, showing calibration 
points (white) and their respective mean values (black). i) Quantitative readouts of albumin biosensors in 
aqueous solutions (black) and in ex vivo tissues (red). The error bars (n=3) represent the standard 
deviation of the mean representing the mean distance from the measurement points 2D (x,y,) in CIE 1931 


chromaticity space. 
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Smartphone 
Camera 


Figure G. Multiplex dermal sensors. a) The assay is imaged using 

a smartphone camera at a distance of 5.0 mm normal incidence to the 
detection area. Scale bar=1.0 cm. b) Multiplexed dermal biosensors 
with individual areas devoted to the sensing of a different analyte, 
yielding different colors based on the concentrations of pH, glucose, 
and albumin. Colorimetric readouts in i) alkalosis, ii) metabolic acido- 
sis, iii) hyperglycemia, iv) hypoglycemia, v) hypoalbuminemia, and vi) 
co-developed hypoglycemia and respiratory alkalosis. Scale 

bars=1.0 cm. 


Conclusions 


The pH sensor exhibited reversibility; however, the 
reversibility of glucose and albumin sensors could be achieved 
by synthetic receptors (for example, phenylboronic acids) for 
long-term use.” Potential candidates for reversible sensing 
include chromogenic dyes," fluorescent probes," diffraction 
gratings,?") and plasmonic particles.) Tattooing is a mini- 
mally invasive mechanical injection method that perforates 
the skin tissue. Alternative methods can be utilized to deliver 
the dermal sensors to the 
dermis without tissue 
damage." For example, 
microjet injection can de- 
liver pigment solutions at 
a high-speed through 
a nozzle orifice. Upon ac- 
tivation by either electrical 
power or laser-induced 
shock wave, the pigment 
solution as a jet rapidly 
penetrates through and 
forms a hole on the skin 
without sacrificing epider- 
mis.41 Chemical penetra- 
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tion enhancers can also be used to deliver the sensor solution 
through the skin tissue.°! The readout algorithm detected 
pH, glucose, and albumin concentrations by comparing the 
chromatic variations of the biosensors to calibration points. 
Although the color measurement studies were carried out in 
standard lighting conditions, a color calibration strip may be 
used to aid the readout at different ambient conditions 
(brightness, saturation, and shades)."*! A calibration chart can 
be also useful in compensating for coloration variations in 
patients with different skin tones. Furthermore, colorimetric 
sensors used in this study are not associated with particular 
toxicity concerns. However, the sensor feasibility should be 
assessed in in vivo animal models to assess immunogenicity 
and foreign body response. The applications of the sensors 
can be extended to the detection of electrolytes,” proteins! 
pathogenic microorganisms," gasses"! and dehydration 
status."""] The developed dermal sensors may have an appli- 
cation in medical diagnostics to monitor a broad range of 
metabolite biomarkers. 
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Colorimetric dermal sensors in the form 
of tattoos have been developed to mea- 
sure pH, glucose, and albumin concen- 
trations in an ex vivo porcine skin tissue 
model. The dermal sensors were injected 
into the dermis in an array format for 
multiplexed detection. Quantitative read- 
outs were obtained with a smartphone 
camera. 
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